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The period from the emergence of a dominant follicle until its formation requires tissue
remodeling. Enzymes promoting collagen lysis, such as matrix metalloproteinases (MMPs),
are fundamental for the process of extracellular matrix remodeling, which allows changes
in ovarian tissue architecture during follicular growth. It has been suggested that the
production of these enzymes may be affected by the rise in circulating concentrations of
LH, which acts on the ovarian surface epithelium (OSE). The aim of this study was to
determine the expression of MMP-1, MMP-2, and LH receptor (LHR) in the ovulation fossa
and in the central portion of the equine ovary during follicular deviation and dominance.
Ovaries of 12 cyclic mares were selected and subsequently divided into two groups:
development (DEV) group and dominant (DOM) group. The DEV group consisted of ovaries
from six animals whose follicles were less than 28 mm in diameter (follicular deviation),
and the DOM group consisted of ovaries from six animals whose follicles measured 28 mm
or more in diameter (dominant follicles). The latter group was divided into two subgroups:
the group of ovaries with a dominant follicle (DOM-D) and the group of contralateral
ovaries (DOM-C). Our results showed that mRNA for MMP-1, MMP-2, and LHR was present
in the equine ovary during follicle development, in the ovulation fossa, and in the central
portion of the ovary. MMP-1 and LHR gene expression was greater (P < 0.05) for the DOM-
D group compared with the DOM-C group. In the DOM-D group, MMP-1, MMP-2, and LHR
gene expression was greater (P < 0.05) in the ovarian stroma compared with the ovulation
fossa. Using immunohistochemistry, OSE from the DOM group showed increased expres-
sion compared with the DEV group (P < 0.05). In conclusion, we demonstrated that MMP-
1 and MMP-2 might be fundamental for events related to tissue remodeling, which occurs
during follicular development until the formation of the dominant follicle. We also
demonstrated the relationship between the gene expression of MMPs and the gene and
protein expression of LHR, suggesting that LHR in the OSE might be an important factor to
initiate the signaling cascade that culminates with the production of MMPs.
 2014 Elsevier Inc. All rights reserved.; fax: þ55 51 3308-
.B.A. Bastos).
. All rights reserved.
31. Introduction
Ovulation is the summation of processes that are
ongoing sequentially as well as simultaneously within
several ovarianmicroenvironments [1]. In the equine ovary,
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cles undergoes extensive tissue remodeling, which pro-
motes the expansion and emigration of the follicle [2]. The
matrix metalloproteinase (MMP) system also controls as-
pects of reproductive function. In the ovary and uterus, the
MMP system has been postulated to regulate the dynamic
structural changes in tissue architecture, which occur
throughout the menstrual or estrous cycle [3]. Matrix
metalloproteinases play very important roles in extracel-
lular matrix remodeling in ovarian follicle growth and
ovulation [2]. Because the triple helical structure of inter-
stitial collagen ﬁbers (types I and III) is resistant to pro-
teolytic degradation, interstitial collagenase (MMP-1) is
most likely essential for the initial degradation of ﬁbrillar
collagen in the tunica albuginea and theca layer [4]. MMP-1
has been identiﬁed in the ovaries of rabbits [5], primates
[6], and mares [7]. Changes in MMP-2 (gelatinase A) ac-
tivities may be essential for the tissue reorganization
necessary for ovulation in the equine ovary [8]. Secretion of
MMP-2 also occurs throughout follicle development.
However, in follicular ﬂuid, changes in either its secretion
or activation are not observed at any stage [9]. MMP-2 was
found in the follicular ﬂuid of mare ovaries [7,9], mare
granulosa cells [8], and in primate ovaries [6].
A periovulatory LH surge develops progressively over
approximately a week, beginning near deviation and
extending for an average of 1 day after ovulation [10]. The
mechanism, which switches on this functional cascade,
involves reduced circulating FSH concentrations and the
attainment of a critical developmental stage by the
future dominant follicle, including acquisition of gran-
ulosa cell LH receptors and enhanced responsiveness to
gonadotropins [11].
After a preovulatory gonadotropin surge, ovarian colla-
genase activity increases [12,13], and gelatinolytic activity
[14] and collagen degradation are the highest in the apical
region of the preovulatory follicular wall [15]. In sheep, LH
stimulates the secretion of urokinase plasminogen acti-
vator (uPA) by the ovarian surface epithelium (OSE) [16]. It
has been suggested that uPA is necessary for the production
of MMPs, indicating that the OSE is fundamental to tissue
remodeling involved in ovulation. Ovulation is suppressed
in sheep by intrafollicular injection of uPA antibodies [17].
Frog ovarian microdissection has been used to conﬁrm that
the surface epithelium, but not the theca, is required for
ovulation [18].
The relationships among MMPs, OSE, and LH receptor
(LHR) have not yet been described in equine ovary follicular
development. The aim of this work was to determine the
expression of MMP-1, MMP-2, and LHR in ovulation fossa
and central portion of the equine ovary during distinct
phases of follicular development.
2. Materials and methods
2.1. Animals
Ovaries from 12 mixed breed mares with unknown
reproductive history were collected at the Foresta slaugh-
terhouse in São Gabriel (30 200 1100 S), RS, Brazil. Macro-
scopic examination of the entire reproductive tract wasperformed. In the absence of alterations, the ovaries were
separated from the rest of the tract and identiﬁed according
to their position (right or left). Only ovaries of cyclic mares
were selected. The ovaries were examined and measured,
and the structures found were also measured and
described (follicles, corpus albicans, and corpus luteum). On
the basis of the follicle diameter [11], the ovaries were
divided into two groups with six animals each, denoted as
development (DEV) and dominant (DOM) groups. The DEV
group consisted of mares with follicles measuring less
than28 mm in diameter (follicle deviation), and the DOM
group contained mares whose follicles measured 28 mm or
more in diameter (dominant follicles). The latter group was
divided into two subgroups: the group of ovaries with a
dominant follicle (DOM-D) and group of contralateral
ovaries (DOM-C).
2.2. Collection and sample storage
Each ovary was longitudinally sectioned, which gener-
ated two hemi-ovaries, one for quantitative real-time po-
lymerase chain reaction (qPCR) analysis (two fragments)
and the other for immunohistochemistry. One of the frag-
ments for qPCR was removed from the ovulation fossa, and
the other was obtained from the central portion of the
ovary (stroma). Gene expression for the entire ovary was
calculated from the median of the ovulation fossa and
stroma. In hemi-ovaries with follicles, the central fragment
was removed together with a portion of the largest follicle.
Fragments were conserved in RNAlater (Life Technologies,
Grand Island, NY, USA), stored on ice during collection and
transportation, and then transferred to a 80 C freezer.
For immunohistochemistry, fragments of the ovulatory
fossa extracted from the hemi-ovary were ﬁxed in 4%
formaldehyde solution and processed within 48 hours. The
tissues were stained with hematoxylin–eosin to conﬁrm
that the cuboid epithelium was present on the ovarian sur-
face, which conﬁrmed the presence of the ovulation fossa.
These sections were analyzed using optical microscopy.
2.3. Extraction and reverse transcription of mRNA
Extraction of mRNA was performed using TRIzol reagent
(Life Technologies, Carlsbad, CA, USA) according to the
manufacturer’s instructions. After extraction, mRNA was
quantiﬁed by photometric measurement (NanoDrop 1000,
Thermo Scientiﬁc, Wilmington, DE, USA). Reverse transcrip-
tion of mRNA in cDNA was performed using the GoScript
Reverse Transcription System (Promega, Madison, WI, USA).
2.4. Quantitative real-time PCR
Quantitative PCR was performed with 1 mL of each
primer plus 12 mL of GoTaq qPCR Master Mix (Promega);
water was added for a ﬁnal volume of 25 mL. Ampliﬁcation
was performed using an Mx3000P real-time PCR system
Stratagene Thermocycler (Agilent Technologies, CA, USA),
and the data were processed using MX PRO integrated
software. For the calculation, a relative standard curve
[formula ¼ 10
ˇ
((threshold cycle target – threshold cycle
standard)/slope)] was used. The program proﬁle used for
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cles of denaturation at 95 C for 15 seconds, annealing for
30 seconds, and elongation at 60 C for 30 seconds. The
annealing temperatures were 56 C for MMP-1 and 60 C
for MMP-2 and LHR.
The ampliﬁcation primers were obtained from Inte-
grated DNA Technologies (IDT), and the sequences [19–21]
used are shown in Table 1.
2.5. Immunohistochemistry
After sectioning the parafﬁn blocks at 5-mm thickness,
the samples were ﬁxed on slides that were previously
treated with HistoGrip (Life Technologies). An automated
system (Benchmark XT, Ventana Medical Systems, Tucson,
AZ, USA) was used for immunohistochemistry. The primary
antibody used was the rabbit anti-human LHR polyclonal
antibody (1:300; sc-25828; Santa Cruz Biotechnology) [22].
Mouse testicle was used as a positive control according to
the manufacturer’s speciﬁcations.
Immunohistochemistry slides were analyzed and cate-
gorized according to their staining intensity (SI) [23].
Assignment of the SI was none (0), weak (1), moderate (2),
or strong (3).
2.6. Statistical analysis
The software IBM SPSS Statistics for Windows, version
20.0 (IBM Corporation, Armonk, NY, USA) was used for
statistical analysis. The effects of follicle diameter and the
presence of a dominant follicle on the gene expression of
LHR, MMP-1, and MMP-2 were tested. Gene expression for
the entire ovary was calculated from the median of the
ovulation fossa and stroma. For the analysis of data ob-
tained from the qPCR, the signiﬁcance of the difference
between the medians was determined using the Mann–
Whitney test. The effects of follicle diameter on the SI of
LHR were analyzed and categorized [23]. For analysis of the
immunohistochemical data, the signiﬁcance was deter-
mined using the Kruskal–Wallis test. Differences were
considered signiﬁcant when P value was less than 0.05.
3. Results
3.1. Gene expression of LHR and MMPs
From the DOM-D group, a high concentration
(P ¼ 0.031) of mRNA for LHR was conﬁrmed in samples
obtained from the ovarian stroma compared with samples
obtained from the ovulation fossa. In the DOM-D group, theTable 1
Details of the sequences used for quantitative real-time polymerase chain reacti
Gene Primer sequence
FP MMP-1 50-CAT CGT GAC AAT TCT CCC TTT G-30
RP MMP-1 50-TAC GTG GGC CTG GCT GAA-30
FP MMP-2 50-ATG GCG CCC ATT TAC ACG TA-30
RP MMP-2 50-AGC TCT TG A ATG CCC TTG ATG-30
FP LHR 50-CCA CAA CTG ATA GCT ACC AAC AAA G-30
RP LHR 50-TGC AGG TGA AAT CGG TGAA G-30
Abbreviations: FP, forward primer; LHR, LH receptor; MMP-1, matrix metalloprototal mRNA for LHR was higher than that observed in the
DOM-C group (P ¼ 0.029) (Fig. 1).
In the DOM-D group, the ovulation fossa showed
signiﬁcantly lower concentrations of MMP-1 than the
stroma (P¼ 0.027). In the DOM-D group, the total mRNA for
MMP-1 was signiﬁcantly lower than the total in the DOM-C
group (P ¼ 0.022) (Fig. 2). In the DOM-D group, the
ovulation fossa presented lower concentrations than the
stroma (P ¼ 0.032) for MMP-2. The other comparisons
between groups showed no signiﬁcant differences (Fig. 3).
No differences were observed in the DEV group for LHR,
MMP-1, and MMP-2 between fossa and stroma (Figs. 1–3)
or between ovaries.
3.2. Immunohistochemistry
Immunohistochemistry studies showed the presence of
LHR in the cells obtained from the OSE in the region of the
ovulation fossa in all samples. The DOM group (2.8  0.42)
showed higher (P < 0.05) color intensity than the DEV
(1.58  0.64) group (Fig. 4). No differences were detected
between the DOM-D and DOM-C groups.
4. Discussion
It has been suggested that stromal cells in the ovarymay
actively participate in extracellular matrix remodeling
during follicle growth and ovulation [2]. The present
research showed the presence of mRNA for MMP-1 and
MMP-2 in different regions and stages of development of
the collected ovaries, suggesting that MMPs may be
important for follicular development until the formation of
a dominant follicle.
In this study, it was shown that the ovaries of the DOM-
D group expressed signiﬁcantly higher quantities of mRNA
for LHR and MMP-1 compared with ovaries of the DOM-C
group. This ﬁnding may suggest that the action of the LH
might be involved in dominant follicle development and
may also determine the control of MMP production. Local
factors that cause the apparent differential increase in
responsiveness of the future dominant follicle to gonado-
tropins may be pivotal to the mechanism of follicle selec-
tion [24]. Follicular atresia occurred in the DOM-C group,
and lower LHR expression may be related to a negative
effect attributed to inhibin, with a potential late estradiol
contribution [10].
The DEV group showed no signiﬁcant difference be-
tween both ovaries for the expression of MMP-1, MMP-2,
and LHR. This may be due to the common-growth phase.
After the emergence of an ovulatory follicular wave, theon ampliﬁcation of mRNA from equine ovary samples.
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Fig. 1. Median of gene expression of LH receptor from equine ovary samples in the fossa, stroma, and individual total presented by the DOM-D, DOM-C, and DEV
groups. The asterisk indicates a signiﬁcant difference (P < 0.05). Fossa, ovulation fossa; DOM-D, dominant follicle group; DOM-C, contralateral ovary group; DEV,
development follicle group.
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beginning of deviation. At deviation, the dominant follicle
continues to grow and the subordinate follicles begin to
regress [25]. During this common-growth phase both
ovaries have a similar tissue remodelling and the same LHR
pattern.
This study conﬁrmed the presence of MMP-1 in the
equine ovary using qPCR. On the basis of the results ob-
tained, MMP-1 might be fundamental during all follicular
development processes, and predominantly in preovula-
tory follicle formation, because MMP-1 mRNA was most
concentrated in the ovary in the dominant follicle.
A previous study has shown that during the estrus cycle,











Fossa Stroma Individual Fossa Strom
total
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Fig. 2. Median of gene expression of matrix metalloproteinase-1 from equine ovary
DEV groups. The asterisk indicates a signiﬁcant difference (P < 0.05). Fossa, ovulatio
DEV, development follicle group.tissues from any of the three regions occur (between the
follicle and ovulation fossa, from a site lateral and adjacent
to the follicle, and from a site within the core of the ovary,
remote from the ovulatory follicle or other large follicles)
[9]. In addition, the predominant gelatinase in the follicular
ﬂuid has been shown to be MMP-2, which is present in
similar amounts throughout follicular development, as
assessed using zymography [7]. This result is partially
consistent with our data because the expression of MMP-2
was similar in most of the comparisons performed, but
MMP-2 exhibited a higher concentration in the DOM-D
group stroma compared with the DOM-D group fossa.
In a previous study, in follicular ﬂuid and equine
granulosa cells, the expression of MMP-2 was shown to bea Individual Fossa Stroma Individual 
total total
VEDC-
samples in the fossa, stroma, and individual total in the DOM-D, DOM-C, and












Fossa Stroma Individual 
total
Fossa Stroma Individual 
total
Fossa Stroma Individual 
total
VEDC-MODD-MOD
Fig. 3. Median of gene expression of matrix metalloproteinase-2 from equine ovary samples in the fossa, stroma, and individual total for the DOM-D, DOM-C, and
DEV groups. The asterisk indicates a signiﬁcant difference (P < 0.05). Fossa, ovulation fossa; DOM-D, dominant follicle group; DOM-C, contralateral ovary group;
DEV, development follicle group.
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with large follicles, as assessed using qPCR [8]. These re-
sults are partly consistent with the results obtained in the
present research because in the DOM-D group, the stroma
demonstrated a higher concentration of MMP-2 than
the fossa.
The present study also showed the presence of LHR in
the OSE, as assessed using immunohistochemistry, in the
region of the ovulation fossa. Luteinizing hormone recep-
tor is an important factor in the unfolding cascade, which
culminates with interstitial collagen lysis, and is indis-
pensable for tissue remodeling. Ovarian surface epithelial
cells in close contact with the apical wall of preovulatory
ovine follicles secrete a urokinase plasminogen activator
(uPA) in response to surge concentrations of gonadotro-
pins. Urokinase activates latent collagenases and stimu-
lates the release of tumor necrosis factor-a from thecalFig. 4. Luteinizing hormone receptor immunohistochemistry of the ovarian surface
epithelium with (A) weak (1), (B) intermediate (2) (representative images of develo
group). All images with a magniﬁcation of  400.endothelium. This factor progressively induces MMP gene
expression, apoptosis, and inﬂammatory necrosis [26].
The activities of LH in the OSE are essential for the
production of MMPs, which have been previously
described [17,18,26]. In our study, we observed a relation-
ship between the presence of LHR in the OSE and the gene
expression of MMPs in the equine ovary. The most intense
staining of LHR was found in the OSE, as assessed using
immunohistochemistry, and the highest gene expression of
MMPs and LHR was demonstrated in the DOM and DOM-D
groups, respectively. This study suggested that the activ-
ities of LH in the OSE might be an important factor to
initiate the signaling cascade that culminates with the
production of MMPs.
In equine granulosa cells, the number of LHR increases
during follicular growth [27], which is consistent with the
results of the present study because the ovaries thatcells in the region of the ovulation fossa from equine ovary samples. Ovarian
pment group), and (C) strong (3) staining (representative image of dominant
H.B.A. Bastos et al. / Theriogenology 82 (2014) 1131–11361136showed major medians for LHR gene expression were in
the DOM-D group.
In the DOM group, MMP concentrations were higher in
the ovary with the dominant follicle compared with the
contralateral ovary and were correlated with the presence
of LHR. Matrix metalloproteinases may correspond with LH
signaling, whereas the production of MMP-2 in mares ap-
pears to require gonadotropins [28].
In conclusion, we suggest that MMP-1 and MMP-2 may
be fundamental for the events related to tissue remodeling,
which occurs during follicular development up to the for-
mation of the dominant follicle. A relationship between
the gene expression of MMPs and the gene and protein
expression of LHR was demonstrated, suggesting that LHR
plays an important role in signaling for MMP production.
The global mechanism of collagen lysis in the equine
ovary still requires further research, which may provide a
better understanding of this fundamental point for the
comprehension of the events related with ovulation.
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